Optical interconnects are becoming attractive alternatives to electrical wiring in intra-and interchip communication links. Particularly, the integration with silicon complementary metal-oxide semiconductor (CMOS) technology has received considerable interest because of the ability of cost-effective integration of electronics and optics on a single chip . Here, we demonstrate an ultrawideband CMOS-compatible photodetector based on graphene. We achieved a multigigahertz operation over all fibre-optic telecommunication bands beyond the wavelength range of strained germanium photodetectors 9 , the responsivity of which is limited by their bandgap. Our work complements the recent demonstration of a CMOS-integrated graphene electro-optical modulator 10 , and paves the way for carbonbased optical interconnects.
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Graphene's suitability as a photodetector was first demonstrated by locally illuminating the vicinity of one of the electrical contacts of a back-gated graphene transistor [11] [12] [13] . A detectable current was generated that was attributed to band bending at the metal/graphene interface. Photocurrents (PCs) have also been obtained at single/bilayer graphene interfaces 14 and graphene p-n junctions 15 and attributed to the thermoelectric effect. The detailed microscopic processes involved in the PC generation are still debated [16] [17] [18] . Further optimization of the device geometry led to high-speed electrical measurements on graphene-based photodetectors operating at frequencies .40 GHz (ref. 19 ) and supporting data rates of 10 Gbit s 21 in an optical communication link 8 . More-recent work concentrated on increasing the responsivity of the devices [20] [21] [22] [23] and extending their operation range to longer wavelengths 24, 25 . The research on photodetectors has been parallelled by work on graphene-based optical modulators 10, [26] [27] [28] , which culminated in the demonstration of waveguide-integrated devices with .1 GHz bandwidth that operate over a broad range of wavelengths and exhibit device footprints of 25 mm 2 only 10, 26 . In these devices, electrically controlled absorption is achieved by tuning the Fermi level of a graphene sheet with a gate electrode 29, 30 . Here, we report the design and realization of a silicon waveguideintegrated graphene photodetector. The device structure is similar to that of the optical modulator demonstrated recently by Liu et al.
10
, although with a different electrode arrangement. The integration of both devices on the same chip will, in the future, allow for the development of scalable ultrahigh-bandwidth graphene-based optical interconnects. Indeed, the application potential of graphene for optical interconnects has been recognized recently 31 . A scanning electron microscope image of one of our devices is shown in Fig. 1a . An enlarged view of the section highlighted by the black dashed rectangle is shown in Fig. 1b . The devices are fabricated in a simple three-step process: (1) etching and passivation of the silicon waveguide, (2) deposition and structuring of graphene and (3) metallization. The details are described in Methods.
In a device of proper length L, the optical mode is almost completely absorbed as the light propagates along the silicon waveguide. The local potential gradient at the interface between the central Ti/Au electrode (signal electrode, S) and graphene drives a PC (by photovoltaic [11] [12] [13] and/or thermoelectric [14] [15] [16] effects) towards the ground (GND) lead, as schematically illustrated in Fig. 1c . The potential gradient originates from different dopings in the metalcovered (p-doped 11 ) and uncovered (p þ -doped because of adsorbates from the ambient air) parts of graphene and additionally could be enhanced by utilizing the waveguide itself as a back-gate electrode to modulate the potential in the graphene channel. A GND-S-GND configuration was used, which allows a doubling of the total PC as compared to the simple GND-S case 19 . Owing to the lack of an electronic bandgap in graphene, the photogenerated carriers pass through the potential barriers at the GND electrodes almost unimpeded, which leads to high-bandwidth photodetection even without S-GND bias.
However, the metallic electrode S, in close proximity to the waveguide, induces light absorption that can degrade device performance significantly. To evaluate the trade-off in photoresponsivity, modepropagation calculations were performed using the finite element method. In our calculations, graphene is described by a complex refractive index n(l) 33 (because of the strong mode confinement and the uniform device structure), the mode damping is only dependent on a M and a G , which represent the absorption coefficients of the metal electrode and graphene, respectively. The device geometry in the simulations corresponds to that shown in the inset of Fig. 1a .
First, to obtain a M calculations were carried out in which the graphene absorption was set to zero (C 1 ¼ 0). Calculations were performed for different widths W of S and are shown (symbols) for the fundamental quasi-transversal electric (TE) mode in Fig. 2a . As expected, a M increases strongly with increasing electrode width. If half the waveguide is covered with metal, the propagation length of light is reduced to 7 mm only. In addition to the fundamental TE mode, the waveguide also supports the propagation of the lowest-order quasi-transversal magnetic (TM) mode, whose damping a M , however, is significantly larger. We thus expect the photodetector to be polarization sensitive, with higher responsivity for TE polarized light. In a second step, we calculated a G by setting C 1 = 0 and integrating the tangential field component along the graphene sheet. The results for both monolayer and bilayer graphene are shown as dashed and solid lines, respectively, in Fig. 2a . For W . 100 nm (monolayer) and W . 160 nm (bilayer) the absorption of light by the metal electrode is more dominant than the absorption in graphene. To achieve high responsivity, it is thus necessary to keep the electrode width W as small as possible. However, the contact resistance increases with decreasing W, which decreases the PC and gives rise to reduced bandwidth. These requirements contradict each other, and the device parameters have to be optimized by minimizing the trade-offs.
With a M and a G , the fraction h of light that is absorbed in the graphene sheet (see Fig. 2b ) can be calculated by:
The calculation results show that efficient light absorption can be achieved with short device lengths, which enables high-speed operation and dense integration capability. For example, h . 50% is obtained in a bilayer device only 22 mm long (W ¼ 100 nm). Moreover, as can be seen from the calculated mode profile (E x component) in Fig. 2a , the absorption occurs mainly near the metal/graphene interface where PC generation is most efficient. Light ( 34% in the above example) is also absorbed in the graphene that covers the sidewalls of the waveguide (mainly caused by the E z component (not shown)). We now present the performance characteristics of a bilayer graphene device with L ¼ 24 mm and W ¼ 180 nm. For these dimensions, we estimate h ≈ 44% (see Fig. 2b ). For device characterization, laser light of wavelength 1,550 nm was coupled into the silicon waveguide using a lensed single-mode fibre ( 2.5 mm spot diameter). The optical power at the input port of the waveguideintegrated graphene photodetector, P in , was estimated from transmission measurements of reference waveguides without a photodetector. The total losses, 15+1 dB, stem mainly from coupling losses from the optical fibre to the waveguide. A similar value is obtained by calculating the overlap integral between the field profile of the incident wave and that of the guided mode. The device was connected to a transimpedance amplifier with low input impedance to measure the photocurrent I PC . Figure 3a shows the power dependence of I PC , which is linear across the entire measurement range. The photoresponsivity S, defined as the ratio of the measured PC to the input optical power, is S ¼ I PC /P in ≈ 0.03 A W 21 . Our best device, made of trilayer graphene, had a responsivity of S ≈ 0.05 A W 21 , an order of magnitude larger than that achieved with normal-incidence graphene photodetectors 8 . From 0.05 A W 21 we estimate an internal quantum efficiency of j ¼ S(hc/elh) ≈ 10% (h, Planck's constant; c, speed of light; e, electron charge). Considering the values of j ¼ 30-60% estimated from PC measurements on simple metal/graphene interfaces 13,34 , we believe that there is plenty of room for improvement (for example, by applying gate [11] [12] [13] or S-GND bias fields 8 , improving the material quality 16 , increasing the steepness of the potential gradient by using Ag instead of Au electrodes 35 , increasing h through an optimized electrode arrangement, employing graphene p-n junctions 15, 16 or suspending the graphene sheet in air 34 ). The wavelength dependence of the photoresponse, shown in Fig. 3b , was measured using three separate light sources: fixed wavelength lasers, operating at 1,310 nm (O band) and 1,650 nm (U band), respectively, and a tunable laser, operating in the range 1,550-1,630 nm (from the C band, throughout the L band to the U band). The responsivity is flat across all optical telecommunication windows, unlike the drastic decrease of the response of Ge photodetectors beyond 1,550 nm (ref. 1), or strained Ge detectors beyond 1,605 nm (ref. 9). We expect the device to work at even longer wavelengths, limited only by the cut-off properties of the silicon waveguide. As InGaAs cannot be integrated monolithically with silicon CMOS, currently other materials are being investigated for photodetection in the L and U bands, with ion-implanted Si 36 and GeSn 37 being the most promising ones. However, implanted Si detectors suffer from low optical absorption that requires devices millimetres long to absorb the radiation, which results in device footprints 10-100 times larger than presented here. GeSn photodetectors, however, exhibit high dark currents, and waveguide integration of GeSn has, to our knowledge, not yet been demonstrated. Figure 4 shows the radiofrequency characteristics of our photodetector, as determined by an impulse-response measurement. A train of 100-fs-long (full width at half maximum (FWHM)) optical pulses, produced by a mode-locked erbium fibre laser (1,550 nm centre wavelength), was coupled into the device. Dispersion in the lensed fibre broadened the optical pulses to 1 ps, which was sufficiently short for our purposes. The impulse response (Fig. 4) of the graphene photodetector was monitored with a 20 GHz bandwidth sampling oscilloscope. The 3 dB bandwidth of the detector output Df, as obtained from the commonly used optical time-bandwidth expression DfDt ¼ 0.441 (Dt is the FWHM pulse duration), is 18 GHz. This is also approximately the bandwidth of our measurement system and we anticipate that the device might work at even higher frequencies. Fourier transform of the time-domain data provides the spectrum shown in the inset.
Finally, we summarize the opportunities that graphene offers as a new material for optical interconnects.
(1) Ultra-wideband operation. The gapless character of graphene enables optical interband transitions to occur over an ultrawide wavelength range, unmatched by any other material. In this letter, we demonstrate photodetector operation from the O to the U band. However, graphene-based optoelectronic devices can operate over an even wider range of wavelengths 8, 22, 24, 25 . (2) High-speed operation. With its extremely high carrier mobility (200,000 cm 2 V 21 s 21 at room temperature) graphene is predestined for high-speed applications, including high-speed data transmission. (3) Low energy consumption. Besides a high data rate, low energy consumption (J bit 21 ) is the most important requirement for an optical communication link. Our devices rely on built-in potentials that exist at metal/graphene interfaces and hence are operated under zero-bias conditions (that is, without dark current) and vanishing power consumption. Moreover, recently it was predicted that the energy consumption of graphene-based modulators could be at least as low as those of the best 39 will allow for wafer-scale integration of such devices into optical interconnects. The mechanical flexibility of graphene also enables integration with bendable substrates. In particular, we envision that graphene could play a role in realizing various active components in polymer-based optical circuits 40 . (6) Simplicity and low cost. The versatility and broadband capability of graphene allows for intriguingly simple device layouts and offers low development and fabrication costs by eliminating the need for multiple detector and modulator designs. All these aspects lead us to consider graphene a promising new material for integrated photonics.
Methods
Our devices were fabricated on a commercial silicon-on-insulator wafer with a 270-nm-thick Si device layer and 3 mm buried oxide. A 600-nm-wide waveguide was defined using optical lithography and etched by reactive-ion etching. The wafer was then covered by plasma-enhanced CVD with a 7-nm-thick layer of SiO 2 to prevent electrical contact between the graphene and the silicon waveguide. A graphene sheet of suitable size and thickness (verified by optical microscopy and Raman spectroscopy 41 ) was then prepared by mechanical exfoliation on a separate 300-nm-thick oxide-coated Si wafer, lifted off from this wafer and transferred with micrometre precision onto the desired location on the waveguide sample. Care was taken to avoid placement of graphite chunks (which are, inevitably, also transferred in this process) on top of the optical waveguide. The graphene sheet was etched in shape by oxygen plasma (only where necessary) and contact electrodes were fabricated by electron-beam lithography and metal deposition. The metal deposition occurred in two steps. First, a nominally 1-nm-thick Ti layer was evaporated, followed by a 20-nm-thick Au layer. The Ti serves to improve the adhesion of Au to graphene and does not form a continuous layer. In a second step, a 25-nm-thick Au layer was sputtered to ensure that the waveguide sidewalls were covered with metal to achieve electrical contact between the central electrode and the bonding pad. Keeping the Ti content as low as possible is crucial, as its dissipative dielectric function leads to a strong damping of the optical mode. The sample was annealed in vacuum at 125 8C for several hours to remove polymethylmethacrylate residues from the surface of the graphene. Finally, the sample was cleaved using a diamond scribe to obtain a clean facet for the in-coupling of light. A schematic of the device crosssection is shown in the inset of Fig. 1a . 
